Patients with esophageal squamous cell carcinoma (ESCC) have a poor prognosis. However, the related mechanisms are unclear, thus we investigated the expression of HO-1 in ESCC tissue and explored possible mechanisms of tumor progression. Expression of HO-1 was examined by immunohistochemistry in 143 ESCC tumors. The correlation of HO-1 with clinicopathological characteristics was also examined. Two human ESCC cell lines, TE-13 and Eca109 were studied. Silencing of cell line HO-1 by specific small interfering RNA (siRNA) was evaluated using real-time quantitative PCR. Cell line viability, apoptosis and intracellular levels of reactive oxygen species (ROS) after transfection were determined using MTT and flow cytometry, respectively. HO-1, Bax, Bcl-2 and A-caspase-3/-9 expression was evaluated using western blot analyses. We found that HO-1 was expressed in 58 of 143 ESCC tumors, mainly in the cytoplasm. There was a significant association between HO-1 expression and tumor grade (P<0.001). Knockdown of HO-1 expression in cell lines was associated with significantly decreased cellular proliferation (P<0.05) and a higher rate of apoptosis (P<0.001) 48 h after treatment. Treatment of the cell lines with the ROS inhibitor N-acetylcysteine abrogated this effect. Knockdown of HO-1 was associated with increased A-caspase-3 and -9 expression, but no change in Bax or Bcl-2 expression or Bax/Bcl-2 ratio was observed. Thus, the present study identified that ESCC tumors frequently expressed HO-1. Knockdown of HO-1 promoted apoptosis through activation of a ROS-mediated caspase apoptosis pathway.
Introduction
Esophageal squamous cell carcinoma (ESCC) is a malignancy associated with high mortality in China. Multidisciplinary treatment (surgery, radiotherapy and chemotherapy) is generally used to treat locally advanced and metastatic ESCC. Unfortunately ESCC is frequently resistant to radiotherapy and chemotherapy. The 5-year survival of ESCC patients is only ~20.9% (1) . Better understanding of prognostic indicators in ESCC is needed.
Heme oxygenase-1 (HO-1) is a stress-induced gene with anti-inflammatory, anti-apoptosis, antioxidation and drug resistance inducing properties. The expression of HO-1 in normal human tissues is extremely low. Increased expression of HO-1 has been seen after exposure to alcohol and spicy foods. Increased HO-1 expression has been reported in a variety of tumors and has been associated with ESCC tumor invasion, metastases, chemotherapy-induced apoptosis and worse patient prognosis (2, 3) . HO-1 expression is thought to be regulated by upstream expression of nuclear-related factor 2 (Nrf-2). Cell growth is inhibited with inhibition of HO-1 and increased Nrf-2 expression (4). Increased HO-1 expression is also associated with increased removal of reactive oxygen species (ROS) and maintenance of the internal cellular environment (5) .
We previously reported that overexpression of HO-1 can significantly impede the apoptosis of ESCC cells (6) . It is not known whether decreasing HO-1 expression induces apoptosis or impact ROS removal. In order to better understand HO-1 control, we evaluated the expression of HO-1, HIF-1α and EGFR protein in human ESCC tissue using immunochemistry. We also evaluated intracellular ROS levels and apoptosis-related HO-1 protein levels in ESCC cell lines. Immunohistochemical staining. Tumor blocks were obtained from the department of Pathology and immunohistochemical staining was performed as previously described (7) . The protein expression of HO-1, HIF-1α and EGFR protein were scored according to the number of cells exhibiting cytoplasmic and nuclear staining using the following classification system: I, no staining; II, nuclear staining in 10% of cells and/or weak cytoplasmic staining; III, nuclear staining in 10-50% of cells and/or distinct cytoplasmic staining; IV, nuclear staining in 50% of cells and/or strong cytoplasmic staining. Tumors with I or II amounts of staining were considered negative for expression and tumors with III or IV were considered positive.
Materials and methods

Patients and tissue specimens. Medical records at the Union
Cell culture and transfection with HO-1 small interfering RNA (siRNA). The human ESCC cell lines TE-13 and Eca109 were a gift from the He Bei, Medical University Affiliated Cancer Hospital. HO-1-siRNA and the empty vector containing a nonsense RNA sequence were purchased from guangzhou RiboBio Co., ltd., guangzhou, China. The RNA transfection kit was from guangzhou RiboBio Co, ltd. TE-13 and Eca109 were cultured in dulbecco's modified Eagle's medium (dMEM) median containing 10% fetal bovine serum. The two cell lines were maintained in a humidified incubator at 37˚C in a 5% CO 2 atmosphere. Four experimental groups were examined including negative untreated cell line controls, cell line controls transfected with a nonsense RNA sequence, cell lines transfected with si-HO-1 and cell lines transfected with si-HO-1-NAC (a powerful antioxidant, NAC namely N-acetyl cysteine). Transfection was performed using 100 nM siRNA. Logarithmic growth phase cells were harvested and plated at a density of 2x10 5 cells/well in 6-well plates. Cells were grown and the expression of HO-1 in transfected cells quantified using real-time PCR.
RNA isolation and reverse-transcription PCR. Cell lines were harvested at different time points after transfection. Total RNA was extracted from cell lines using TRIzol reagent (Invitrogen). The purity and concentration of RNA was determined using a Nanodrop Spectrophotometer (Nd-2000; Nanodrop Technology, Wilmington, dE, USA). cdNA was produced using a reverse-transcription kit (Takara Bio, Inc.). Real-time quantitative PCR was performed using the SYBRGreen Prime Script RT-PCR kit (Takara Bio, Inc.) and the Real-time PCR detection system (Applied Biosystems). gAPdH was used as an internal control. The primers for HO-1 were: forward, gTCAggCAgAgggTgATAgAAg and reverse, gTgTAAggACCCATCggAgAAg. The primers for gAPdH were: forward, TCCCATCACCATCTTCCAg and reverse, gAgCCCCAgCCTTCTCCAT. The results of three independent experiments were analyzed using the 2 -∆∆Ct method.
MTT assay. TE-13 and Eca109 cells were seeded into 96-well plates at a density of 8x10 3 cells/well, in a volume of 180 µl culture medium. The four previously described treatment groups were evaluated. Cells in each group were cultured to 70% confluency before transfection. MTT (20 µl) was then added to each well after 24 h, 48 h and 72 h of incubation and incubated for 4 h. The media were then removed and 150 µl dimethylsulfoxide (dMSO) added to each well. The incubation plates were gently mixed for 10 min before viability analysis. Cell viability was determined as absorbance at 490 nm at 24 h, 48 h and 72 h after MTT treatment. Four wells of each cell line were evaluated for each experiment. The results of three independent experiments are reported.
Flow cytometric analysis. TE-13 and Eca109 cells were inoculated into 6-well plates at a density of 2x10 5 cells/well. Procedures of interfering HO-1 in TE-13 and Eca109 cells were executed according to manual of infection reagent kit. Flow cytometric analysis was performed as previously described (6) . The results of three independent experiments were reported.
Western blot analysis. HO-1 interference in two cell lines was treated with transfection reagent kit represented above. Protein lysates were obtained 48 h after transfection. Protein (100 µg) was loaded into each gel lane prior to electrophoresis on 12% SdS polyacrylamide gels. Electrophoresed protein was transferred to polyvinylidene defluoride (PVdf) membranes. The membranes were blocked using 5% skimmed milk at room temperature for 1.5 h, and then incubated at 4˚C overnight with primary antibodies directed against HO-1, Bax, Bcl-2, A-caspase-3/-9 or β-actin (1:500 dilution; Abnova Corporation, Taipei City, Taiwan). Peroxidase-conjugated secondary antibodies were used to visualize the primary antibodies with an enhanced chemiluminescence reagent (Beyotime). Protein expression was quantitated using densitometry analysis and normalized against β-actin.
Statistical analysis. SPSS 17.0 software (SPSS, Inc., Chicago, Il, USA) was used to evaluate data. data are reported as the mean ± standard deviation (Sd). Statistical significance was determined using a two-sided, unpaired t-test. P-value <0.05 was considered to indicate a statistically significant result.
Results
In total, 143 male patients with ESCC were identified at the Union Hospital Affiliated to Huazhong University of Science and Technology between April 2006 and October 2007. The mean patient age was 59.5±1.4 years old (range, 40-83 years old).
Protein expression of HO-1, HIF-1α and EGFR in human ESCC tumors.
Immunohistochemical probing of fixed resected ESCC tissues was performed. HO-1 was expressed in 58 of 143 (40.6%) patient tumors. The HO-1 protein was mainly localized to the cytoplasm of tumor cells ( fig. 1A) . HIF-1α expression was observed in 43.4% (62/143) of patient tumors, EgfR in 58% (83/143). HIf-1α was mainly located in the nucleus and EgfR was mainly localized in cytoplasm (Fig. 1B and C) .
Correlation between HO-1 expression and HIF-1α, EGFR expression in ESCC tumors
. HO-1 expression was positively correlated with HIF-1α and EGFR expression in the 143 ESCC tumors (P<0.001 for both, Table Ⅰ) .
Correlation between HO-1 expression in ESCC tumors and clinicopathological characteristics.
There was no association between HO-1 expression and patient clinical stage (P=0.641) or age (P=0.409) ( Table Ⅱ) . Increasing tumor histologic grade was associated with increasing expression of HO-1 (P=0.001). There was no correlation between HO-1 expression and mediastinal lymph node metastases (P=0.415). Table I . Relationship between HO-1 expression and HIF-1α, EGFR expression in ESCC tumors (N=143). was seen in the HO-1 siRNA transfected cell lines (P<0.01 for both cell lines).
Effect of blocking HO-1 expression on cell line viability.
MTT assays were performed to assess cell viability. All four treatment groups had decreased cell viability at 24 h, 48 h and 72 h in TE-13 ( fig. 3A ) and Eca109 cell line ( fig. 3B ) after treatment, compared to their respective controls. The lowest cell viability was observed at 48 h. si-HO-1-treated cells had less cell viability at each time point, compared to untransfected cells and cells transfected with nonsense RNA (P<0.05). The cell viability of si-HO-1-NAC-treated cells was similar to that of the two control groups (P>0.05).
Effect of blocking HO-1 expression on cell line apoptosis.
Flow cytometry after 48 h treatment showed the apoptosis rate of untransfected cells transfected with nonsense RNA, cells transfected with si-HO-1 and cells transfected with si-HO-1-NAC was (3.8±1.2)%, (6.8±1.9)%, (27.4±1.6)% and (4.1±1.5)%, respectively ( fig. 4A ) in the TE-13 cell line. The apoptosis rate in the same treatment groups was (2.6±1.0)%, (5.5±1.6)%, (24.2±2.1)% and (3.9±1.7)%, respectively (Fig. 4B ) in the Eca109 cell line. The rate of apoptosis was greatest in the si-HO-1-treated cell lines (P<0.001) compared to the two control treatment groups in both cell lines. NAC had a protective effect in cells transfected with si-HO-1 (P<0.001).
Effect of blocking HO-1 expression on cell line intracellular ROS levels.
Mean fluorescent intensity (MfI) of intracellular ROS in all four cell line treatment groups was evaluated at 48 h using flow cytometry. (Fig. 5B) . The MFI of the si-HO-1 transfected cell lines were significantly greater than that of the two control groups (P<0.001 for both cell lines). The MfI of the si-HO-1-NAC transfected group was significantly less than that of the si-HO-1 transfected cell lines (P<0.001 for both cell lines).
Effect of blocking HO-1 expression on cell line protein expression of Bax, Bcl-2, A-caspase-3 and -9.
Protein expression was evaluated using western blot analyses of cell line protein isolated 48 h after treatment. There was no statistical difference in Bax or Bcl-2 expression of cell lines transfected with si-HO-1 or si-HO-1-NAC, compared to control (scramble).
There was no statistical difference in the Bax/Bcl-2 expression ratio of cell lines transfected with si-HO-1 or si-HO-1-NAC. Expression of A-caspase-3 and -9 was increased in the si-HO-1 group, compared to the two control groups (P<0.05 for both groups). The si-HO-1-NAC transfected cell lines had significantly less expression of A-caspase-3 and -9 than the si-HO-1 transfected cell lines (P<0.05) (Fig. 6) . 
Discussion
HO-1 is an enzyme with strong antioxidant activity. The products of HO-1, biliverdin, carbon monoxide and ferrous iron, also have various antioxidant properties. HO-1 thus plays a vital role in the antioxidant system (8) . Increased HO-1 expression has been observed in breast, gastric and lung cancer. Moreover, it has been reported that overexpression of HO-1 could inhibit tumor cellular apoptosis and promote tumor cell growth (9-11).
We found that HO-1, HIF-1α and EGFR were expressed in 40.6%, 43.4% and 58%, respectively, of 143 ESCC tumors. We also found that HO-1 expression was related to tumor grade, but not related to clinical stage or the presence of mediastinal lymph node metastases. These findings suggest HO-1 may have a role in ESCC progression.
As in general, hypoxia exists in cancer microenvironment also in ESCC. Under hypoxia condition, HIF-1α acting as a key transcription factor is highly expressed and oxygen-free radicals accumulate. Evidence has shown that the expression of HO-1 was increased by HIF-1α (12, 13) . Moreover, oxidation stress exists in tumors (14) . Additionally, we found that HO-1 is positively correlated with HIF-1α. As a result, we inferred that HIF-1α prompted the expression of HO-1, and that the oxidation stress resulted from hypoxia also contributed to the increased expression of HO-1. High expression of EGFR can suppress tumor cell apoptosis and promote angiogenesis, proliferation and metastasis of tumor cells. EGFR could induce expression of HO-1 in colon cancer; EGFR-induced colon cancer cell proliferation was inhibited by the decreased expression of HO-1 (15) . Thus, we deduced that EFGR could stimulate the expression of HO-1, as well. Taken together, we concluded that the expression of HIF-1α, EGFR and HO-1 were rather high and the expression of HO-1 was induced by HIF-1α and EGFR in ESCC tumor progression.
We previously reported that ethanol increased HO-1 expression and decreased apoptosis in ESCC cells (6) . In the present study, we demonstrated that decreasing HO-1 expression in ESCC cell lines decreased cellular proliferation and increased apoptosis. We then investigated whether this finding was associated with intracellular ROS levels or activation of apoptosis signaling pathways. decreasing cell line HO-1 expression was found to be associated with increased intracellular ROS levels. Lin et al have reported that decreased HO-1 expression in renal carcinoma cells was associated with increased intracellular ROS production and that this was associated with damage to cellular dNA (16) . ROS is a major product of oxidation-reduction reactions in human cells. Various ROS are always found in normally functioning cells and are thought to be a normal part of cell growth, proliferation and differentiation. ROS are usually found in very high levels in tumor cells (14) . These high intracellular levels could affect normal cellular function and may contribute to tumor progression (17, 18) We hypothesized that the decrease in HO-1 expression and ROS levels may affect the expression of apoptosis-related proteins. Bcl-2 and Bax are two important components of the mitochondrial apoptotic pathway. Bcl-2 inhibits the release of cytochrome c from mitochondria to cytosol, which plays a vital role in inhibiting apoptosis. Bax has an opposing effect on the action of Bcl-2. ROS activates the mitochondrial apoptotic pathway by increasing Bax expression and decreasing Bcl-2 expression. Hambright et al have reported that NAC, a specific ROS scavenger, could inhibit the upregulation of Bax and downregulation of Bcl-2 by altering ROS levels in melanoma cells (19) . However, we found no significant changes in Bax or Bcl-2 expression, or in the Bax/Bcl-2 expression ratio in ESCC cell lines we examined.
The powerful antioxidant NAC was used to scavenge ROS in our experiment. Treatment with NAC after transfection with si-HO-1 was associated with a significant decrease in MFI, increased cellular proliferation, and decreased apoptosis. These findings support a relationship between HO-1 expression and these events.
ROS are largely generated in mitochondria. The mitochondrial apoptosis pathway is a major apoptotic pathway that acts through the production of ROS. Caspases are responsible for the deliberate disassembly of cells into apoptotic bodies during apoptosis. Caspases-3, -8 and -9 appear to be regulators of this process. Caspase-9 activates disassembly in response to events that trigger the release of cytochrome c from mitochondria. Caspase-3 activity appears to regulate the speed of this response. The study of caspase-3 -/-and caspase-9 -/-mice suggested the caspase pathway used for disassembly is cell type specific (20) (21) (22) . Our findings suggest that control of HO-1 expression contributes to this process.
si-HO-1 transfected cell lines examined by us had significantly greater expression of A-caspase-3 and -9 than controls. Treatment of these cell lines with NAC, significantly decreased the expression of A-caspase-3 and -9. These findings suggest the mitochondrial apoptosis pathway may not be the only mechanism of controlling ROS-mediated apoptosis and supports the role of HO-1 as a mediator of this alternate pathway. Choi et al reported that ROS can impact the expression of Fas, Fas-L and caspases-3, -8 and -9 in gastric cancer cells (23) . This finding further supports the presence of a ROS-mediated non-mitochondrial pathway for cellular apoptosis.
In summary, we found increased tissue expression of HO-1 in ESCC. This expression was correlated with tumor grade and expression of EGFR and HIF-1α. Blocking HO-1 expression in ESCC cell lines resulted in decreased cellular proliferation, increased ROS levels, and increased cellular apoptosis. HO-1 appears to have a role in tumor progression via a mitochondrion-independent pathway.
